Mass spectrometry (MS)-based quantitative proteomics has matured into a methodology able to detect and quantitate essentially all proteins of model microorganisms, allowing for unprecedented depth in systematic protein analyses. The most accurate quantitation approaches currently require lysine auxotrophic strains, which precludes analysis of most existing mutants, strain collections, or commercially important strains (e.g. those used for brewing or for the biotechnological production of metabolites). Here, we used MS-based proteomics to determine the global response of prototrophic yeast and bacteria to exogenous lysine. Unexpectedly, down-regulation of lysine synthesis in the presence of exogenous lysine is achieved via different mechanisms in different yeast strains. In each case, however, lysine in the medium down-regulates its biosynthesis, allowing for metabolic proteome labeling with heavy-isotope-containing lysine. This strategy of native stable isotope labeling by amino acids in cell culture (nSILAC) overcomes the limitations of previous approaches and can be used for the efficient production of protein standards for absolute SILAC quantitation in model microorganisms. As proof of principle, we have used nSILAC to globally analyze yeast proteome changes during salt stress. Molecular & Cellular Proteomics 12: 10.1074/mcp.M112.
Breakthroughs in proteomics
open up new possibilities for biological systems analysis. Central to these approaches is the necessity to accurately quantitate protein abundances. The most accurate quantitation is achieved by means of stable isotope labeling by amino acids in cell culture (SILAC) 1 using heavy-isotope-containing amino acids (5) . This approach has been widely used in many different experimental systems (6 -11) . SILAC relies on the metabolic incorporation of isotope-labeled lysine and/or arginine into proteins. Samples from differently labeled cells are mixed and ana-lyzed, for example, after one of them has been subjected to a different experimental condition. During sample preparation, proteins are digested to yield peptides containing one differentially labeled amino acid. As a consequence, mass spectrometry reveals "SILAC pairs" for each peptide, containing peaks corresponding to the unlabeled and the labeled peptides. The abundance ratio between the two reflects the different abundances of the protein in the starting samples. Lysine, which is commonly used in SILAC experiments, is an essential amino acid in higher eukaryotes that is obtained exclusively from food, but it can be synthesized in a tightly controlled fashion by plants, bacteria, and many fungi. Therefore, analysis of these prototroph organisms using SILAC has relied largely on mutants in lysine biosynthesis. In contrast to other biochemical pathways of amino acid metabolism, lysine biosynthesis occurs through distinct sets of reactions in different organisms that possess this biosynthetic capability. In bacteria, plants, and some fungi, lysine is produced in nine enzymatically catalyzed steps via the diaminopimelate pathway from aspartate. In contrast, most fungi synthesize lysine from the citrate cycle intermediate 2-oxoglutarate in ten steps, a pathway known as the ␣-aminoadipate pathway (12) . Enzymes of this pathway are evolutionary conserved between such diverse species as S. pombe and S. cerevisiae, which are separated by 400 million years of evolution (13) . Because of the specificity of lysine biosynthesis pathways for bacteria and fungi, the enzymes participating in these reactions have become targets for the treatment of infections (14) . An understanding of lysine regulation is important for understanding the effects of such drugs, and it might also help in optimizing the industrial production of lysine and other derived metabolites in these microorganisms.
Both the diaminopimelate and the ␣-aminoadipate pathways of lysine biosynthesis are exquisitely controlled: In S. cerevisiae, in which the regulation of lysine metabolism has been studied in the most detail, the ␣-aminoadipate pathway is under combinatorial control. Product inhibition by lysine controls homocitrate synthase, the first enzyme of the lysine synthesis pathway, as well as the expression of key lysine biosynthetic enzymes. Substrate feed-forward regulation by the intermediate L-2-aminoadipate-6-semialdehyde functions as a transcriptional co-activator, acting together with Lys14 to increase the amount of lysine synthesis enzymes (15) .
Similarly, bacterial lysine synthesis via the diaminopimelate pathway is regulated by a combination of transcriptional and post-transcriptional mechanisms. Specifically, dihydrodipicolinate synthase catalyzing the committing step of lysine biosynthesis in bacteria is allosterically regulated by lysine, and a number of genes in the pathways are transcriptionally regulated via lysine repression (16) .
In order to determine the effects of lysine in growth medium and to gain further insights into the biochemical regulation of lysine synthesis pathways, we analyzed global proteome changes in different lysine prototrophic model microorganisms in the presence or absence of lysine. Our results reveal important differences in lysine regulation between S. cerevisiae and S. pombe.
Despite these differences, both organisms allowed us to exploit the regulation of lysine biosynthesis for the development of a novel strategy for labeling prototrophic microorganisms. This strategy not only avoids complications of studying amino acid prototrophic mutant strains (e.g. when studying cellular metabolism), but also enables analysis of the large arsenal of mutants and systematic strain collections available for these model systems of cell biology, as well as industrially or medically important yeast and bacterial strains.
EXPERIMENTAL PROCEDURES
Strains and Plasmids-All experiments with S. cerevisiae were performed with the lysine prototroph strain W303 MAT a (TWY#139). A lysine auxotroph strain was generated by deleting the LYS2 gene via homologous recombination (17) to yield the strain W303 lys2⌬::NAT R (TWY#1050). All experiments with S. pombe were performed with the lysine prototroph strain MKSP1. Experiments with E. coli were performed with the lysine prototroph strain E. coli BL21 (DE3). To express the recombinant protein, glutathione S-transferase (GST) cells were transformed with the plasmid pGex6P1 (TWP#41). To express the fusion protein GST-Pil1, cells were transformed with TWP#121 in which the yeast gene PIL1 is cloned after GST.
Cell Culture-S. cerevisiae strains were grown in synthetic medium containing 6.7 g/l yeast nitrogen base, 2 g/l drop out mix (United States Biological, Salem, MA) containing all amino acids except lysine, and 2% glucose. Lysine (Sigma) or heavy ( 13 C 6 / 15 N 2 ) L-lysine (Cambridge Isotope Labs, Andover, MA) was added to a final concentration of 30 mg/l as indicated. Cells were pre-cultured in 5 ml medium containing light, heavy, or no lysine overnight at 30°C. 50 ml of medium were inoculated from the pre-cultures to A 600 ϭ 0.001, and cells were grown to a final A 600 ϭ 0.7 matching roughly ten doublings. To induce osmotic stress, NaCl was added to a final concentration of 0.4 M, and cells were grown for an additional 20 min.
S. pombe strains were grown in Edinburgh minimal medium (Sunrise Science Products, San Diego, CA) supplemented with 75 mg/l leucine, histidine, uracil, and adenine. Lysine was added to a final concentration of 30 mg/l as indicated. Cells were grown in a 5 ml pre-culture containing either heavy ( 13 C 6 / 15 N 2 ) L-lysine or no lysine overnight at 30°C. Pre-cultures were used to inoculate fresh medium to A 600 ϭ 0.001, and cells were grown to a final A 600 ϭ 0.7 at 30°C.
E. coli BL21 (DE3) cells were grown in M9 minimal medium. A 5ϫ stock of M9 salts containing 64 g/l Na 2 HPO 4 .7H 2 O, 15 g/l KH 2 PO 4 , 2.5 g/l NaCl, and 5 g/l NH 4 Cl was prepared. The M9 minimal medium contained 1 ϫ M9 salts, 2 mM MgSO 4 , 0.1 mM CaCl 2 , and 0.4% glucose. Lysine or lysine 8 was added to a final concentration of 30 mg/l as indicated. Cells were pre-cultured in 5 ml of medium contain-ing lysine, heavy ( 13 C 6 / 15 N 2 ) L-lysine, or no lysine overnight at 37°C. The next day, cultures were inoculated to A 600 ϭ 0.001 and grown to a final A 600 ϭ 0.7. To induce recombinant protein expression, isopropyl ␤-D-thiogalactopyranoside was added to a final concentration of 1 mM, and cells were grown for an additional 1 h.
Sample Preparation-For the incorporation test, 40 OD units of heavy labeled cells were harvested via centrifugation. For all other experiments, 20 OD units of light and heavy labeled cells were mixed and harvested via centrifugation. Cells were lysed in 200 l buffer containing 50 mM Tris/HCl pH ϭ 9.0, 5% SDS, and 100 mM DTT for 30 min at 55°C. Lysates were cleared via centrifugation at 17,000g for 10 min. Supernatants were diluted with buffer UA (8 M urea, 0.1 M Tris/HCl pH ϭ 8.5) to a final concentration of 0.5% SDS. Proteins were digested with the endoproteinase LysC following the protocol for filter aided sample preparation (18) . Briefly, protein extracts were loaded on a 30k Amicon Ultra filter unit (Millipore, Billerica, MA) by means of centrifugation at 14,000g. Samples were washed twice by the addition of 200 l buffer UA and alkylated for 20 min in the dark by the addition of 5.5 mM iodoacetamide in 200 l buffer UA. Samples were washed an additional four times via the addition of 200 l buffer UA and centrifugation. 60 l of buffer UA containing 0.5 mg/ml LysC were added to the filter units and incubated at 37°C overnight. Peptides were recovered via centrifugation into a fresh tube and additional elution with 200 l of 0.5 M NaCl. Samples were acidified by the addition of trifluoroacetic acid and cleared of precipitates via centrifugation at 17,000g for 5 min. The peptide concentration was measured, and 5 g of peptides were desalted following the protocol for StageTip purification (19) . Samples were eluted with 60 l buffer B (80% acetonitrile, 0.1% formic acid in H 2 0) and reduced in a Vacufuge plus (Eppendorf, Hauppauge, New York) to a final volume of 3 l. 2 l of buffer A (0.1% formic acid in H 2 0) were added, and the resulting 5 l were injected into the high-performance liquid chromatograph.
Chromatography and Mass Spectrometry-Reversed-phase chromatography was performed on a Thermo Easy nLC 1000 system connected to a Q Exactive mass spectrometer (Thermo) through a nano-electrospray ion source. Peptides were separated on 50 cm or 15 cm columns (New Objective, Woburn, MA) with an inner diameter of 75 m packed in house with 1.9 m C18 resin (Dr. Maisch GmbH, Ammerbuch-Entringen, Baden-Würtemberg, Germany). Peptides were eluted from 50-cm columns with a linear gradient of acetonitrile from 5%-27% in 0.1% formic acid for 240 min at a constant flow rate of 250 nl/min. For 15-cm columns, peptides were eluted with a linear gradient of acetonitrile from 5%-27% in 0.1% formic acid for 95 min at a constant flow rate of 250 nl/min. The column temperature was kept at 35°C by an oven (Sonation GmbH, Biberach, Baden-Württemberg, Germany) with a Peltier element. Eluted peptides from the column were directly electrosprayed into the mass spectrometer. Mass spectra were acquired on the Q Exactive in a data-dependent mode to automatically switch between full scan MS and up to ten data-dependent MS/MS scans. The maximum injection time for full scans was 20 ms, with a target value of 3,000,000 at a resolution of 70,000 at m/z ϭ 200. The ten most intense multiply charged ions (z Ն 2) from the survey scan were selected with an isolation width of 1.6 Th and fragment with higher energy collision dissociation (20) with normalized collision energies of 25. Target values for MS/MS were set at 1,000,000 with a maximum injection time of 60 ms at a resolution of 17,500 at m/z ϭ 200. To avoid repetitive sequencing, the dynamic exclusion of sequenced peptides was set at 45 s for 240-min runs and 20 s for 95-min runs.
Data Analysis-The resulting MS and MS/MS spectra were analyzed using MaxQuant (version 1.3.0.5), utilizing its integrated ANDROMEDA search algorithms (21, 22) . Peak lists were searched against local databases for S. cerevisiae (obtained from the Saccharomyces Genome Database, Stanford University; 6641 entries, July 26, 2012), S. pombe (obtained from PomBase, University of Cambridge; 5089 entries, August 26, 2012), or E. coli BL21-DE3 (obtained from Uniprot, "Escherichia coli(strain B/BL21-DE3)[469008]"; 4726 entries, March 25, 2012), with common contaminants added. Additionally, the sequences of GST and the yeast protein Pil1 were added to the E. coli database. The search included carbamidomethlyation of cysteine as a fixed modification and methionine oxidation and N-terminal acetylation as variable modifications. The maximum allowed mass deviation was 6 ppm for MS peaks and 20 ppm for MS/MS peaks. The maximum number of missed cleavages was two. The false discovery rate was determined by searching a reverse database. The maximum false discovery rate was 0.01 on both the peptide and the protein level. The minimum required peptide length was six residues. Proteins with at least two peptides (one of them unique) were considered identified. The "match between runs" option was enabled with a time window of 2 min to match identification between replicates. The requant option of MaxQuant was disabled.
Label-free quantitation was done with the QUBIC software package as described elsewhere (23) . Significance values of proteins were calculated as described previously (24) . For incorporation tests, the peptide list was filtered for lysine containing peptides with a valid heavy/light ratio. For each peptide, the incorporation was calculated as 1 Ϫ (1/(ratio H/L ϩ 1)). The maximum of a density distribution of all peptides represents the estimated incorporation level. All calculations and plots were done with the R software package.
RESULTS

The Abundance of Lysine Metabolism Enzymes Is Regulated by Feedback-
To determine changes of the yeast proteome due to the presence or absence of lysine in the culture medium, we measured proteome changes of prototrophic S. cerevisiae strains under these conditions while using labelfree quantitation of triplicate liquid chromatography runs coupled online to high-resolution mass spectrometry (LC-MS) (see Fig. 1A for the experimental strategy). All measurements presented here were performed for independent biological replicates, from which we in each case obtained highly reproducible results (data not shown and supplemental Fig. S3 ). For presentation, we analyzed the independent runs together and filtered out the few proteins not giving reproducible results. This strategy led to the identification of 4361 proteins in total, representing almost the entire expressed proteome of S. cerevisiae (25) . We identified proteins significantly changed in abundance from cells grown in the presence or absence of lysine (23) (see supplemental Table S1 for an overview of MS data from the experiments presented here). Our analysis of 2906 proteins detected in at least five of the six experiments revealed few changes in the proteome overall. Among the significantly changing proteins, enzymes acting in the lysine biosynthetic pathway were much less abundant with the presence of lysine in the medium (Fig. 1B) . Particularly, Lys20, Lys21, Lys4, Lys12, Lys1, Lys2, and Lys9 were strongly down-regulated in cells grown in the presence of lysine (Fig.  1B) . This represents all enzymes in the ␣-aminoadipate pathway of lysine synthesis in S. cerevisiae except Aro8, which might also function in other amino acid metabolism pathways (26) (Fig. 1C ). This is consistent with previous findings that lysine metabolism is controlled by feedback inhibition in which lysine represses the expression of Lys20, Lys4, Lys12, Lys2, Lys9, and Lys1, potentially mediated by the Lys14 transcriptional regulator (15) . We also found that the expression of amino acid membrane transporters, such as Gap1, was down-regulated in the presence of lysine. These data suggest that cells adapt to the presence of lysine by decreasing their lysine synthesis and by adjusting their import capacity for lysine. We also found that proteins of the oxidative stress response were up-regulated in response to lysine in the growth medium (e.g. Grx1, Gre3). Potentially, this is due to the decreased withdrawal of Krebs cycle intermediates for lysine biosynthesis and, conversely, increased levels of acetyl-CoA for ␤-oxidation under these conditions. Consistent with this notion, we found Adh4 and Tdh1, involved in gluconeogenesis, among the most up-regulated proteins in the presence of lysine.
Prototrophic S. cerevisiae Cells Preferentially Use Lysine Available in the Medium-Based on these findings, we hypothesized that decreased lysine synthesis and increased lysine uptake lead to the preferential incorporation of lysine from the growth medium into the cellular proteome. To test this model, we measured the efficiency of the incorporation of heavy-isotope-containing ( 13 C 6 / 15 N 2 ) L-lysine (lysine 8) in the growth medium into the proteome of lysine prototrophic S. cerevisiae (see Fig. 2A for the experimental strategy). Consistent with our prediction, 96% of peptides from the proteome of lysine prototrophic yeast cells grown in minimal medium containing lysine 8 contained only the heavy-isotope-containing amino acid ( Fig. 2B ). Several repetitions of this experiment showed that metabolic labeling is highly reproducible (data not shown). At the level of an individual peptide mass spectrum, efficient labeling is reflected in the almost complete absence of the light-labeled peak in a SILAC pair (Fig. 2D ). The level of labeling achieved in the prototrophic strain (96.5% incorporation) was almost as efficient as that of a lys2⌬ lysine auxotrophic strain (99.6% incorporation), which cannot produce lysine and thus relies entirely on the exogenously provided lysine (Fig. 2C) . The efficiency of metabolic labeling determines the maximal ratios-and thus the dynamic range-that can be achieved in a SILAC experiment. The maximal possible ratio is given by the fraction of labeled versus unlabeled proteins. In our experiments with prototroph yeast, one can therefore obtain maximal ratios of ϳ28. Importantly, when we normalized our data for differences in labeling by factoring in small differences in labeling, we obtained qualitatively the same results as obtained by directly comparing different conditions (data not shown). Moreover, we overall found uniform labeling efficiency across the spectrum of protein abundances and detected no bias for the labeling of proteins belonging to specific gene ontology classes (F.F. and T.C.W., data not shown). However, we found lysine enzymes as notable exceptions to uniform labeling. We hypothesize that during labeling with lysine, these enzymes are not synthesized, and thus they are more resistant to metabolic labeling.
Native SILAC Allows Accurate Proteome Quantification in Lysine Prototroph Yeast-We next tested whether complete metabolic labeling of prototrophic strains allows proteome quantitation in comparison to an unlabeled control strain (see Fig. 3A for the experimental strategy). Proteome analysis of prototrophic yeast grown in the presence or absence of lysine 8 yielded the identification of 3232 proteins in two chromatographic runs, representing roughly 70% of the cellular proteome, with 2417 of them quantified at least twice (supplemental Table S1 ). Consistent with the results from label-free quantitation, enzymes of the lysine biosynthetic pathway were significantly down-regulated ( Fig. 3B) .
Because lysine auxotrophic strains are most commonly used in S. cerevisiae proteomic experiments (27) , we compared the proteome of the lysine auxotrophic benchmark strain to a lysine prototrophic strain. Consistent with our previous observation from diploid cells (24), we found that a lysine auxotrophic lys2⌬ strain down-regulated the expression of other enzymes of the lysine biosynthetic pathway relative to the prototrophic strain even in the presence of lysine (Fig. 3C ). This finding is consistent with the total absence of L2-aminoadipate-6-semialdehyde, a transcriptional co-activator of lysine biosynthesis in lys2⌬ cells (28) . Together, our data show that lysine biosynthesis enzyme expression is down-regulated via negative feedback when lysine is present in the medium or when the cells do not have the capacity to synthesize lysine. Furthermore, these data show that S. cerevisiae lysine prototrophic strains can be efficiently metabolically labeled with heavy-isotope-containing amino-acids provided in the growth medium, a labeling strategy that we call native SILAC (nSILAC).
FIG. 2. Prototrophic S. cerevisiae efficiently incorporates exogenous lysine.
A, experimental strategy to determine incorporation of heavy labeled lysine into S. cerevisiae, analyzed via proteomics. FASP, filter aided sample preparation; WT, wild-type. B, density function of the rates of heavy lysine incorporation of all lysine-containing peptides for the lysine prototroph S. cerevisiae W303 strain. Maximum of the density function representing the most abundant incorporation rate is given above the graph. C, density function of the heavy lysine incorporation rate in the lysine auxotroph W303 lys2⌬ strain. Maximum of the density function representing the most abundant incorporation rate is given above the graph. D, example MS spectrum plotted against chromatography runtime of Ss a1 peptide NQIESIAYSIK from the lysine prototroph strain W303. 
The Proteome of Lysine Prototrophic S. pombe Can Be Efficiently Labeled by Exogenously
Provided Lysine-We next tested whether the application of nSILAC afforded by the regulation of lysine biosynthesis was specific to S. cerevisiae or could be applied more broadly to microorganisms. Because S. pombe is separated from S. cerevisiae by ϳ400 million years of evolution (13) and is widely used as a model system for biological research, we investigated the regulation of lysine biosynthesis enzymes and the possibility of nSILAC labeling in this organism. S. pombe could be almost as efficiently labeled with lysine 8 as S. cerevisiae (ca. 92% lysinecontaining peptides contained lysine 8 with uniform labeling across abundance and function of proteins; Fig. 4A and data not shown), leading to the almost complete absence of the light peak in a SILAC pair (Fig. 4B ). This result shows that also in S. pombe, the presence of exogenous lysine led to the shutdown of cellular lysine production and consequently the almost complete replacement of the lysine pool available for protein synthesis with amino acids imported from the medium. In marked contrast to findings for S. cerevisiae, however, comparison of the proteome (1746 quantitated proteins) of prototrophic strains grown in the presence or absence of lysine in the culture medium revealed that enzymes of the lysine biosynthetic pathway do not change in abundance (Fig.  4C ). This argues that the down-regulation of lysine biosynthesis apparent in the lysine 8 incorporation experiments is meditated primarily by post-translational mechanisms affecting enzyme activity instead of abundance.
The E. coli Proteome Can Be Efficiently Labeled via nSILAC-Lysine biosynthesis is controlled not only in eukaryotes, but also in bacteria. Because the model system E. coli is widely used for studying Gram-negative bacteria and provides a convenient system for the expression of heterologous proteins, we assayed whether the application of nSILAC could be extended to this organism, which tightly regulates lysine biosynthesis (29 -32) . When E. coli BL21 DE3 cells were grown in synthetic lysine-8-containing medium, the exogenous amino acid efficiently replaced non-labeled lysine (92% of lysine-containing peptides labeled with lysine 8 with uniform labeling across abundance and function of proteins; Fig.  5A and data not shown), leading to an almost complete replacement of light labeled peaks in SILAC pairs (Fig. 5B) . Lysine biosynthesis via the diaminopimelate pathway in E. coli differs from the reactions in yeasts, as primarily aspartate is converted to lysine, rather than lysine being synthesized from the citrate cycle intermediate 2-oxoglutarate ( Fig. 5C ). We tested whether, despite this difference, similar mechanisms as in S. cerevisiae contribute to the labeling of E. coli. Consistent with this notion, we found that the expression of several genes encoding enzymes of the lysine synthesis pathway, including LysC, DapD, and Asd, were down-regulated in medium containing lysine relative to medium not including lysine ( Fig. 5D; 1140 proteins quantitated) . Together, these data show that E. coli can be labeled via nSILAC and that this is likely because of similar feedback regulation of lysine biosynthesis.
E. coli is often used to produce heterologous proteins from various sources. Versions of such proteins labeled with heavy-isotope-containing amino acids can be used as standards for the absolute quantitation of proteins, an alternative to relative quantitation between conditions known as absolute SILAC (33) . To test whether nSILAC could be used to produce such lysine-8-labeled heterologous proteins, we expressed either GST alone or GST fused to the S. cerevisiae protein Pil1 in E. coli grown in medium with only light-or heavy-isotopecontaining lysine, respectively. When we analyzed a 1:1 protein mixture from those two samples, we found that Pil1 was efficiently labeled (supplemental Fig. S1 ). Because the GST moiety is present in both conditions, it has an abundance ratio between heavy-and light-containing versions of the protein of close to one, with a slightly higher abundance when expressed alone relative to the fusion protein (Fig. 5E) . These results show that nSILAC provides a simple means to label heterologous proteins in E. coli, which could be used as standards in absolute SILAC applications.
nSILAC Provides a Robust Method for Global Proteome Analysis-We reasoned that nSILAC could be used for the quantitation of proteome changes in different conditions. We therefore globally determined changes of the S. cerevisiae proteome in either lysine prototrophic or lys2⌬ auxotrophic cells grown under conditions of salt stress (i.e. either normal medium or medium containing 0.4 M NaCl). We chose salt stress for a proof-of-principle experiment because there already are proteome data available for yeast cultured under these conditions (34) . In our analyses, the few outliers with a ratio of heavy to light peptides indicative of a significant change in protein abundance during salt stress were basically identical for the experiments with either lysine prototrophic or auxotrophic strains (Figs. 6A, 6B; 2485 quantitated proteins in prototrophic and lys2⌬ cells). The correspondence of the experiments in the two different strains was reflected in the very high correlation of ratios detected in each experiment to the average of ratios for the same proteins in both experiments (Figs. 6C, 6D) . In both cases, and fully consistent with previous measurements of yeast proteome changes due to salt stress (supplemental Fig. S2 ) (34), we measured significant changes in the abundance of enzymes involved in the synthesis of the osmo-stabilizer glycerol (Figs. 6E, 6F ).
DISCUSSION
Here, we show that the culturing of prototroph microorganisms with stable isotopes of lysine can be used for proteome quantitation, a novel strategy we call nSILAC. nSILAC is made possible by the regulation of lysine metabolism by different mechanisms in different prototrophic microorganisms.
After determining the global proteome changes of cells grown in medium with or without lysine, we surprisingly found that despite the high conservation of the enzymes of the ␣-aminoadipate pathway during 400 million years of evolution from S. cerevisiae to S. pombe, the regulation of enzyme abundance differs between the species. Efficient labeling of the proteome by exogenous isotope-marked lysine shows that nonetheless, in both cases a shutoff of the endogenous synthesis is achieved, reducing the pool of light-isotope-containing lysine available for protein synthesis. One possibility is that in S. pombe the regulation of enzyme activity dominates over the regulation of the enzymes' abundances, which might be more important in S. cerevisiae. Consistent with this notion that biosynthetic pathways evolve slower than regulatory networks, analysis of phosphorylation has led to the suggestion that differences in the regulation of processes by kinases provide phenotypic diversity during evolution (35) . Future studies will show how the regulation of lysine enzymes via other mechanisms, such as allosteric regulation, participates in the evolution of pathway regulation. For the diaminopimelate pathway in bacteria, differences in the allosteric regulation of dihydrodipicolinate synthase have already emerged between E. coli and Corynebacterium glutamicum (16) . Interestingly, we found that many genes of the lysine biosynthetic pathway are regulated in E. coli, whereas DapA, encoding dihydrodipicolinate synthase, remains unaltered. This suggests that at least in these bacteria, the regulation of enzyme activity and abundance contributes to regulation. By providing a global analysis of the proteome for such regulation, our data will likely help in deciphering these differences and thus might in the long term lead to microbial strains more efficiently producing lysine.
However, our analysis already has practical avail in the development of nSILAC. In order for proteomics to be useful for most cell and systems biology applications, it needs to deliver quantitative data on changes of protein abundance (1) . Several different methods have been developed to obtain this information (5, 36 -40) . Among them, quantitation based on the ratio of ion currents resulting from peptides derived from proteins metabolically labeled with amino acids containing heavy, non-radioactive isotopes (SILAC) (5) provides a highly accurate and direct measurement of relative protein abundances, as in this case samples are mixed and processed together. Using SILAC for the analysis of global proteomes by quantitative proteomics adds an important dimension to cell and systems biology, particularly of model organisms, in that it involves direct analysis of the effects of perturbations on the levels of proteins, which provide the biologically active agents in cells.
A barrier to the adaptation of SILAC-based quantitative proteomics for the systems and cell biology of microorganisms such as yeasts and bacteria is that it requires metabolic labeling of the organisms with heavy-isotope-containing amino acids. In contrast to mammals, most microorganisms can produce all amino acids biosynthetically and thus are prototrophic for them. As a consequence, SILAC labeling of such organisms has relied on the generation of auxotrophic strains in which one or several genes encoding enzymes of amino acid biosynthetic pathways have been genetically deleted, rendering the resulting cells dependent on the availability of the corresponding amino acid in the medium (27) . Although this approach using lysine and/or arginine auxotrophic microorganisms has yielded important data (e.g. 24, 27, 41, 42) , it might complicate the interpretation of some experiments, for example, by creating a focus on metabolism or other biological processes linked to amino acid metabolism, . Lysine-labeled prototroph yeast can be used for SILAC-based quantitative proteomics. Lysine auxotrophic (A) or prototrophic (B) S. cerevisiae strains were labeled with either light or heavy lysine. Heavy-labeled strains were exposed to a hyperosmotic shock (0.4 M NaCl for 20 min). Protein intensities are plotted against heavy/light SILAC ratios. Significant outliers are colored in red (p Ͻ 1 eϪ11 ), orange (p Ͻ 1 eϪ4 ), or light blue (p Ͻ 0.05); other proteins are shown in dark blue. Ratio scatter plots show protein abundance changes between 0 and 20 min of salt stress as measured in a lysine auxotroph (C) or prototroph (D) strain plotted versus a combined ratio (22) . The Pearson correlation coefficient is shown in the top left corner of each plot. Osmotic shock regulates glycolysis and glycerol synthesis. Enzymes are color coded according to their fold abundance change in response to a hyperosmotic shock in a lysine auxotroph (E) or prototroph (F) strain. which might be altered in auxotrophic mutants. Moreover, dependence on auxotrophic strains precludes the use of previously generated mutants harboring, for example, temperature-sensitive alleles, which provide major advantages in the study of biological processes but are sometimes difficult to transport into other backgrounds (i.e. auxotrophic cells). In addition, the necessity of using lysine auxotroph mutants precludes the use of most systematically generated collections for high-throughput proteomic measurements, which would allow for the integration of proteomic data in the network analysis of model organisms. The restriction of metabolic labeling to auxotrophic organisms also does not permit the proteomic analysis of commercially important microorganisms, such as yeast strains used for brewing, baking, and the industrial production of metabolites (43, 44) .
nSILAC overcomes this barrier for the application of comprehensive, quantitative proteomics to model microorganisms, building on data concerning the regulation of lysine biosynthetic pathways. Our systematic development of nSILAC extends previous observations on the metabolic labeling of S. cerevisiae that support our findings (24, 45) . The nSILAC approach faithfully recapitulates results obtained with the conventional lysine auxotrophic strains generated by us and others (e.g. for the analysis of the response to osmotic stress) (34) . The development of this approach enables labeling and analysis of the majority of available strains generated in S. cerevisiae, S. pombe, and E. coli. As microorganisms are used as food sources for other model systems, application of this strategy also might be useful for their study. Drosophila, for example, feed on yeast, and C. elegans on E. coli. In the latter context, extensive libraries of E. coli expressing doublestranded RNA for interference with gene expression after feeding C. elegans have been established (46, 47) . Combining these libraries with nSILAC of the respective strains might enable metabolic labeling and RNAi-mediated depletion of target proteins at the same time. The nSILAC approach will also facilitate the production of metabolically labeled heterologous proteins in these organisms, which could be used as spike-in standards for the absolute quantification of protein abundance via MS.
